Clubroot resistance (CR) against the Ano-01 isolate of the clubroot pathogen Plasmodiophora brassicae for individual radish chromosomes was evaluated using 9 types (a-i) of Brassica napus-Raphanus sativus monosomic addition lines (MALs) produced from the progenies of the hybridization of B. napus (2n = 38, AACC) and Raphanobrassica 'Rb-63' (2n = 36, RRCC). Among the 9 types of MAL, the c-type showed high resistance, although other types and reverted plants with somatic chromosomes like B. napus (2n = 38) were susceptible. This result suggested that a major CR gene against the Ano-01 isolate may be located on the radish c-chromosome. However, it was also assumed that there might be other CR gene(s) in radish because many c-type MAL plants showed slight disease symptoms.
Introduction
Clubroot is caused by an obligate parasite, Plasmodiophora brassicae, and is one of the most serious diseases of Crucifer crops worldwide. Cultivation-based control measures, such as crop rotation, catch crop, and fungicide, have been used to prevent damage from clubroot (Tanaka et al. 1999 , Murakami et al. 2000 , Cho et al. 2002 . The breeding of resistant cultivars is an effective approach to eliminate the use of fungicides and minimize crop losses. Yoshikawa (1981) found clubroot-resistant (CR) lines in European fodder turnips, and more than 50 CR F 1 hybrid cultivars of Chinese cabbage have been bred by introducing resistance gene(s) from a CR European fodder turnip and released in Japan. However, most of these CR cultivars have recently become susceptible to clubroot as a result of genetic variability in the pathogen in some cultivation areas of Japan (Kuginuki et al. 1999) . Therefore, it is important to search for new resistant materials and breed novel resistant cultivars.
Radish (Raphanus sativus L. 2n = 18, RR) has many agronomically useful traits, such as resistance to beet cyst nematode (Heterodera schachtii) (Lelivelt and Krens 1992, Peterka et al. 2004) , white rust (Albugo candida) (Kolte et al. 1991) , and clubroot (Plasmodiophora brassicae) (Ashizawa et al. 1980) . On the other hand, rape (Brassica napus L. 2n = 38, AACC), which includes winter and spring oilseed, fodder and vegetables rape forms, is today the most-widely cultivated crop species in the crucifer family (Brassicaceae), and a large number of rape cultivars are susceptible to beet cyst nematode (Peterka et al. 2004 ) and clubroot (Ashizawa et al. 1980) . Therefore, radish is an important genetic resource for the breeding of rape.
Many Japanese radish cultivars possess clubroot resistance (Ashizawa et al. 1980) . Moreover, synthetic amphidiploid Raphanobrassica, which was developed by the hybridization of Raphanus and Brassica, also have high levels of clubroot resistance (McNaughton 1973 , Yoshikawa 1981 . However, the CR gene(s) of radish has not been investigated in comparison with that of Brassica crops such as B. rapa (2n = 20, AA), B. oleracea (2n = 18, CC), and B. napus (Kuginuki et al. 1997 , Moriguchi et al. 1999 , Manzanares-Dauleux et al. 2000 , Suwabe et al. 2003 , 2006 , Hirai et al. 2004 , Nomura et al. 2005 . Although QTL analysis was conducted previously by Kamei et al. (2007) , the clubroot resistance of radish has not been investigated at the chromosomal level.
Addition lines with a single alien chromosome and the full complement of recipient species chromosomes are called monosomic addition lines (MALs), and the morphological and physiological features of MALs are affected by the alien chromosome (Khush 1973) . Therefore, MALs are valuable materials not only for the analysis of genes located on the added chromosome but also for plant breeding strategies. Several MAL series have been bred and applied for the analysis of agronomic traits and gene(s) that were assumed to be located on the added chromosomes. For example, Kaneko et al. (1996) found that the turnip mosaic virus (TuMV) resistance gene(s) was located on the f-chromosome of kale using a R. sativus-B. oleracea MAL series, and Peterka et al. (2004) found that the beet cyst nematode (BCN) resistance gene(s) was located on the d-chromosome of radish using a B. napus-R. sativus MAL series.
In the previous study, all 9 types (a-i) of B. napus-R. sativus MALs (2n = 39) were bred through synthetic amphidiploid Raphanobrassica, Rb-63 (2n = 36, RRCC, Matsuzawa et al. 1985) by successive backcrossing with Brassica napus L. strain 'N-350' (2n = 38, AACC) (Akaba et al. 2009 ). Raphanobrassica 'Rb-63' was developed by hybridization of R. sativus L. cv. 'Shogoin' and B. oleracea L. var. acephala cv. 'Murasaki-habotan' (2n = 18, CC) in 1963 in the Laboratory of Plant Breeding, Utsunomiya University, Japan (Matsuzawa et al. 1985) . Their parental species, R. sativus L. cv. 'Shogoin', possessed strong clubroot resistance (Ashizawa et al. 1980) . This study attempted the identification and evaluation of clubroot resistance in the individual chromosomes of radish using the all 9 types (a-i) of B. napus-R. sativus MAL.
Materials and Methods

Plant materials
Raphanus sativus L. cv. 'Shogoin', Raphanobrassica 'Rb-63', B. napus strain 'N-350', and the clubroot-susceptible (CS) Chinese cabbage F 1 cultivar 'Muso' (Takii Seed Co. Ltd., Kyoto) were used as the control species. Raphanus sativus L. cv. 'Shogoin' and Raphanobrassica 'Rb-63' are stocks from the Laboratory of Plant Breeding, Utsunomiya University, Japan. Brassica napus strain 'N-350' is an accession of Cruciferae genetic stocks from the Laboratory of Plant Breeding, Tohoku University, Japan.
The 9 types of autoplasmic (B. napus cytoplasm) MAL (2n = 39) with each radish chromosome were produced by the crosses of B. napus strain 'N-350' × Raphanobrassica 'Rb-63' and successive backcrossing with B. napus strain 'N-350' (Akaba et al. 2009 ). The MAL plants were first obtained in BC 2 generation and the R. sativus-derived chromosome was identified by genomic in situ hybridization (GISH). The nine chromosomes of R-genome in the MAL plants were clearly classified by each chromosome-specific RAPD marker. Furthermore, in the cytogenetic observation for MALs, all of the nine types predominantly showed the chromosome configuration of 19 II + 1 I at metaphase I (MI) in pollen mother cells (PMCs).
For each type of MAL, 100 seeds produced by the crosses of the MAL plants × B. napus strain 'N-350' were used for the infection, and approximately 80 plants were used for the evaluation. For these 80 plants, which included both the MAL plants (2n = 39) and the reverted plants (2n = 38), the MAL plants and the reverted plants in each type were identified by radish chromosome-specific RAPD markers according to the method of Akaba et al. (2009) . Four reliable markers specific to each chromosome were selected for each type from the list of Akaba et al. (2009) , and they were used to identify the added radish chromosome. Plants with all four specific markers for a chromosome were regarded as MAL plants, and the other plants having no specific markers were designated as the reverted plants. These procedures were repeated twice.
For the d-type MAL, the seeds from a triple monosomic addition plant (2n = 41) possessing the c-, d-, and g-chromosomes of radish were used because the number of seeds obtained from the d-type only MAL was not enough to test. After the artificial infection, the type of chromosome in all plants were identified by c-, d-, and g-chromosome specific markers, and only the MAL plants (2n = 39) with the dchromosome and the reverted plants (2n = 38) were used for the evaluation.
Test for clubroot resistance
The Ano-01 isolate of the clubroot pathogen Plasmodiophora brassicae was used for this test. This isolate has the lowest virulence among the National Institute of Vegetable and Tea Science (NIVTS) pathogen stock and has been maintained by infection of a Chinese cabbage cultivar 'Muso'. Because it showed intermediate reactions for the differential hosts of Williams (1966) and the European Clubroot Differential (ECD) set (Buczacki et al. 1975) , the race number and the ECD code of this isolate could not be determined (Suwabe et al. 2006) .
The test for clubroot resistance was carried out according to Yoshikawa (1981) and Kuginuki et al. (1997) at NIVTS from November to December, 2007. Resting spore stock (1 × 10 9 spores/ml) was mixed with soil containing peatmoss (Premier Horticulture, QC, Canada), Japanese acid clay (Wako Pure Chemical Industries, Osaka, Japan) and Pearlite (Ube Industries, Tokyo, Japan) at a ratio of 1 : 1 : 3 (dry weight) and 1 : 2,000-diluted Hyponex (Hyponex Japan, Osaka, Japan). The infested soil was adjusted to pH 6.0 using CaCO 3 and a spore concentration to 5 × 10 6 spores per gram of dry weight. The block of the infested soil was inserted into an 8-cm diameter Jiffy pot (Nippon Jiffy Pot Products, Yokohama, Japan) filled with non-infected soil and ten seeds were sown on it. Plant were grown in a growth chamber at 23/18°C (day/night) with a photoperiod of 14 hours at a light intensity of 200 μmol·m −2 ·s −1 . At 6 weeks after sowing, the root symptoms of approximately 80 plants including both the MAL (2n = 39) and reverted plants (2n = 38) of each type and approximately 40 plants in control species were evaluated by scoring as follows: grade 0, no symptom; grade 1, a few small, separate globular clubs on the lateral roots; grade 2, a few big clubs on the main roots or browning of main roots; and grade 3, severe clubs on the main roots.
The disease index (ID) and the disease incidence (IC) were scored according to Kuginuki et al. (1999) . Briefly, the ID was calculated independently as the mean value of the symptom score for the MAL plants of each type. The IC was also calculated for the MAL plants of each type using (number of diseased plants) / (number of tested plants) × 100.
Results and Discussion
The number of MAL plants (2n = 39) identified by each set of chromosome-specific RAPD markers for each type ranged from 8 (g-type) to 34 (a-type). The ID and IC values of the MAL plants (2n = 39), reverted plants (2n = 38), and parental species are shown in Table 1 . After an infection test, in the parental species, the roots of the resistant parent radish 'Shogoin' and Raphanobrassica 'Rb-63' were void of any clubroot infection, and showed strong resistance. Their IC and ID values were 0% and 0, respectively. In contrast, on the roots of the susceptible parent B. napus strain 'N-350' and the clubroot susceptible Chinese cabbage cultivar 'Muso', clubs were formed. The IC and ID values were 100% and 3.0, respectively. The reverted plants (2n = 38) in all types showed severe clubs on the main roots and showed complete susceptibility (IC = 100%, ID = 3.0). In the 9 types of MAL, only the c-type showed strong resistance (ID = 0.7, Fig. 1 ). Of the 26 plants with the c-chromosome, 7 plants had no clubs on the roots (Table 1) . However, a few small clubs were formed on the lateral roots of the remaining 19 plants. On the other hand, all plants of the other 8 types developed severe clubs on the main roots and showed complete susceptibility (IC = 100%, ID = 3.0). These results suggested that the major CR gene(s) may be located on the c-chromosome of the radish genome. However, the resistance of the c-type was weak in comparison with that of radish 'Shogoin' and Raphanobrassica 'Rb-63', and many plants with the c-chromosome showed slight disease symptoms (grade 1, IC = 73.1%). Yoshikawa (1981) reported that CR of European fodder turnips was controlled by a major gene in addition to some minor genes. By QTL analysis, Kamei et al. (2007) indicated that CR of radish was also controlled by a major gene and some minor genes. In addition, Suwabe et al. (2006) reported that two loci for clubroot resistance (Crr1 and Crr4) were expressed against the Ano-01 isolate in B. rapa. Therefore, it was also assumed that there might be other minor and/or complementary gene(s) for resistance to clubroot in radish. The production of double monosomic addition lines (DMALs, 2n = 40) with the c-chromosome and each additional chromosome (a, b and d-i) from radish and the estimation of clubroot resistance of these DMALs could identify the existence of these minor and/or complementary gene (s) for clubroot resistance in radish.
In addition, the clubroot resistance of B. rapa was much stronger when the two loci for clubroot resistance (Crr1 and Crr2) were homozygous for resistance alleles compared with when they were heterozygous (Suwabe et al. 2003) . Because the c-type MAL might be hemizygous for the resistance allele (s), disomic addition lines (DALs, 2n = 40) with a pair of c-chromosomes and homozygous for the resistance allele (s) could also clarify the mechanism of clubroot resistance of radish.
Although radish possesses strong clubroot resistance (Ashizawa et al. 1980) , it would take a long period to introduce this resistance into Brassica crops because of their poor crossability (Dolstra 1982) . Hagimori et al. (1992) tried to introduce the clubroot resistance of radish into cauliflower (Brassica oleracea) by protoplast fusion and succeeded in producing somatic hybrids with clubroot resistance. However, no resistant progenies were obtained from these somatic hybrids. The c-type MAL with the genetic background of rape and the clubroot resistance of radish should be useful as a bridge plant to introduce the resistance gene of radish into rape. However, it is difficult to introduce the resistance gene(s) through recombination between the c-chromosome of radish and the corresponding chromosome of rape because of the rare syndesis between these chromosomes (Akaba et al. 2009 ). To promote the introgression of the resistance gene(s) on the c-chromosome, translocation between the c-chromosome of radish and the corresponding one of rape could be induced by γ-ray irradiation (Kaneko et al. 1992 ). In addition, many c-chromosome specific RAPD markers were developed in the previous study (Akaba et al. 2009 ) that could be helpful for the development of DNA markers linked to the resistance loci.
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